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INTRODUCTION
The primary function of the vehicle suspension system is to provide vehicle body isolation from road irregularities, to maximise passenger ride comfort and retain continuous contact between the tyre and road surface. The ability of the suspension to filter out vibrations on an uneven road surface determines ride comfort [1] . Concerning the suspension system, good ride comfort is offered by soft suspension, whereas a stiff suspension is required for suddenly applied loads. A good suspension requires a trade-off between these two parameters. In a passive suspension, the suspension spring stiffness and damping values are predefined. In a semi-active suspension, the system can be controlled only in one direction: opposite to the velocity of the damper extension. In contrast, an actively controlled pneumatic suspension system adapts according to changing road conditions by continuously varying its stiffness value, and produces better sprung mass isolation. Vehicle suspension has been extensively studied for quarter-car models with two-mass systems [2] to [4] . For this study, a three mass, single-wheel suspension system with a passenger seat is considered; the masses are the passenger seat with a passenger, the vehicle body and the axle assembly [5] .
The control algorithms are usually based on linear quadratic, fuzzy logic, linear quadratic regulator, linear quadratic Gaussian and a proportional integral derivative (PID) controller based on feedback control approaches. Some of the researchers preferred a PID controller, which is used with a simple control algorithm, and a robust and efficient control [6] . Therefore, the pneumatic spring stiffness controlled by the PID algorithm has been adopted for this study. From previous research, it is found that the PID control for the pneumatic suspension system can improve the occupant's comfort [7] and [8] . Simulation and an experimental study based on onequarter T suspensions with PID controllers are utilized [9] and [10] in this paper. This study focuses on the compromise of the comfort and road holding of the vehicle by the influence of the pneumatic actuator and examines the performance of the suspension system through simulation and experiment.
The paper has the following sections: Section 1 introduces the need for a pneumatic suspension system and their control methods. A system is proposed based on the information gathered from the literature review that has been carried out in this area. In Section 2, the assumptions made to develop the mathematical model and the simulation model of the pneumatic suspension system are presented. The control algorithm, controller parameters, effect of control parameters on the system performance and controller design are illustrated in Section 3. The road bump model, simulation, experimental methods and its results are presented in Section 4. The simulation and testing results of the actively controlled pneumatic seat suspension system are compared with the passive suspension system.
PNEUMATIC SUSPENSION DYNAMICS
The dynamic model of the proposed system is developed according to the following assumptions: passenger seat, vehicle body and axle assembly are both considered as a rigid body; the tyre is considered as a linear spring with equivalent stiffness and damping force of the tyre is neglected. Passive suspension is considered to be a spring and vibration damper in parallel connection; additionally, an active pneumatic spring of varying stiffness is connected, which is used as a force actuator. This spring allows for dynamic variations in stiffness characteristics while the vehicle is in motion. Vehicle passenger mass with the seat mass is taken as m ps . The sprung mass which represents a portion of the total mass of the vehicle is m s and the un-sprung mass m us representing one of the wheel and axle. The radial tyre stiffness and suspension spring stiffness are represented by k t and k s , respectively. The damping coefficient of the damper is represented by c s, and k cs represents the stiffness of the pneumatic spring. The input x r is assumed to be the road bump, x ps , x s and x us are the vertical displacement of the passenger seat, sprung and un-sprung mass, respectively. Based on Newton's second law, the dynamic equation of motion for a single wheel suspension system is obtained using the above assumptions. 
Choose state space output vector: 
State space suspension model: 
The suspension travel is the relative displacement of the vehicle body and the axle assembly. The differences of un-sprung mass displacement and road height is the tyre displacement. In the air spring dynamics the force (F b ) is the total pressure ( multiplied with the area (A e ). As a result, pressure increases with displacement. Based on the above statement, the dynamic stiffness Eq. (9) is derived where the reservoir pressure (P r ), gauge pressure (P g ) and atmospheric pressure (P a ) are taken into account. Therefore the static stiffness of the pneumatic spring is given by Eq. (8) 
In the dynamic condition, the change in effective area with deflection is extremely small i.e., constant effective area, the dynamic stiffness of the pneumatic system is:
PID CONTROLLER
The performance of the suspension system can be optimised by a proper design and implementation of the controller. The PID feedback controller is used, which is essential to maintain the position of the passenger seat and car body under equilibrium. The function of the controller is to minimise the difference between the set point level and the measured value. The proportional gain (K P ), integral gain K i and derivative gain K d are the parameters which influence the controller design. The Ziegler-Nichols and refined Ziegler-Nichols (RZN) tuning methods are considered while designing the PID controller. The performance of the controller is enhanced through proper selection of the PID control parameters which brings down the rattle space of the system, the acceleration of the passenger seat of the vehicle body and improves the tyre-road contact. The ability of the PID controller for the pneumatic suspension system is evaluated with a simulation of the passive suspension system. Ziegler and Nichols [11] described a method for tuning the parameters of PID controller. There are two methods in Ziegler-Nichols: the closed loop method and open loop method. The present paper implements the closed loop control method in a pneumatic suspension system. The closed loop method applies a time delay constant.
The Ziegler-Nichols tuning method is mathematically represented in Eq. 10.
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Refined Ziegler-Nichols (RZN)
The refined Ziegler Nichols settings are introduced by adding a new parameter β [11] to [13] in the proportional action of the controller. The new parameter β can reduce the overshoot to acceptable levels, and thus gives a good set point response. When the β value is less than unity, the control mathematical equation of the proposed controller is expressed [12] as:
SIMULATION AND EXPERIMENT
The suspension plant model is developed using motion equations. The simulation model, shown in Fig. 2 , is aided with LABVIEW software and the road profile is modelled as a mathematical cosine function in Eq. (12) to investigate the performance of the pneumatic suspension under general road conditions. A single bump is given as road input for which the dynamic response of a single wheel is investigated. In this study, a typical road disturbance is used and it is mathematically represented as: . , (12) where a denotes the bump amplitude. The single bump input, with height of 0.05 m is obtained by setting a = 0.025 [13] and [14] , and is used to study the system response. Furthermore, the maximum travel distance of the suspension travel is aimed to be limited within ±8 cm. The mathematical model of the system defined in Eqs. (6) and (7) and the RZN proportional integral derivative controller in Eq. (11) were simulated, see Fig 2. The performance of the passive system is compared to the PID-controlled pneumatic suspension system. The simulation parameters value based on the laboratory test bench [11] are as follows: passenger, sprung and un-sprung mass plates are 5.25, 18.2 and 7.25 kg, respectively. Suspension stiffness and radial tyre stiffness are 1570 and 4850 N/m. The damping value of the damper is 100 Ns/m.
An experimental test rig is used to analyse the performance of the pneumatic suspension system, which is shown in Fig. 8 . The main structure of the test bench comprises a steel frame with two vertical guide rods to guide the mass plates through the linear bearing. A set of coil springs is placed at the appropriate locations to provide suspension and tyre stiffness. The 0.05 m excitation is generated by the cam, powered by speed reduction gear box along with motor setup.
In order to accomplish the design objective of an active suspension system i.e. to increase the ride comfort and road holding, there are the three parameters to be observed in simulations and experiments: the passenger acceleration, car body acceleration and the suspension deflection. From the observation, the descending value of the peak acceleration of the passenger seat is recorded by the uncontrolled passive system, experiment and simulation. This evidently shows that RZN control offers the better result in the passenger seat acceleration and travel as shown in Figs. 3 and 4. Fig.  4 . Illustrates that the proposed system can effectively absorb the vehicle vibration in comparisons to the PID method and the passive system. The body acceleration, shown in Fig. 5 , in the PID design system is reduced significantly, which guarantees better ride comfort. The suspension travels (see Fig. 6 ) of a controlled active suspension system and a uncontrolled passive suspension system are used for comparison purposes. The result shows that the suspension travel is limited within the travel limit i.e. ±8 cm. The highest suspension travel is recorded by the passive system, shown in Fig. 6 , and the RZN PID performs better as compared to the other one. Tyre travel, shown in Fig.  7 , is noticeably small in simulation and slightly raised in the experimental setup for the proposed controller.
In the case of body acceleration, it is observed that the lowest possible acceleration is made by RZN and the maximum by the passive system (Table 1) .
CONCLUSION
From the results obtained, the RZN control algorithm produces the lowest accelerations at the passenger seat. Considering the simulation and test results, the RZN control algorithm is effective and reliable for pneumatic suspension systems. All other parameters are found to be within satisfactory limits. Although the peak tyre travel is increased, it lasts for a very short duration in relation to the passive system. This results in improved road holding characteristics when the vehicle is negotiating the bump. Therefore, it is concluded that the active pneumatic suspension system with the PID controller improves ride comfort while retaining road holding characteristics, as compared to the passive suspension system. Thus, the results are also confirmed if the study has extended to examine the behaviour at different road amplitudes. 
